Effective environmental management of an underground coal gasification pilot has been demonstrated at Kogan in Queensland, Australia. It commenced with selection of a suitable site with a coal seam surrounded by impervious rocks that provided a gas seal for the gasifier and sufficient groundwater pressure to constrain lateral loss of gas and chemicals through coal fractures. Project infrastructure was specified to withstand the temperatures and pressures experienced during gasification and gas processing. During syngas production in the second gasifier, Panel 2, it was shown that all pyrolysis products of environmental concern were retained within the gasifier. This was achieved by maintaining continuous groundwater inflow into the gasifier cavity through control of the relative pressures of the gasifier and surrounding groundwater. In Panel 1, it was shown that when pyrolysis products migrated out of the cavity, they were quickly detected and by modifying relative pressures to increase groundwater inflow the original groundwater conditions were restored. Following production, the cavities were decommissioned and in Panel 2 steam cleaning of the cavity removed 92% of the chemical load from the cavity. As a result, relatively low concentrations of pyrolysis products remained in the cavity. Fate and transport modelling predicted that these products will not migrate into the regional groundwater and will naturally degrade within three decades.
Introduction
The application of appropriate site selection and operational procedures has demonstrated that underground coal gasification (UCG) can be done safely and in an environmentally acceptable manner. This paper describes the principles and application of environmental controls that were used at a UCG pilot project at Bloodwood Creek near Kogan in southeast Queensland. This project was one of the three UCG trials in Queensland that were closely scrutinized and regulated by the government. The Bloodwood Creek project was the only one of these trials that were endorsed by the Chief Scientist of Queensland as having fulfilled all requirements of the Independent Scientific Panel that the government appointed to review the technical and environmental performance of the trials.
Environmental management for UCG commences with the initial site selection, where comprehensive pre-development investigations are undertaken to ensure that the geological conditions are suitable for underground gasification. When a site is confirmed suitable, the next phase is to ensure robust engineering design and high standards for installation of the underground infrastructure. During the operational phase, controls are applied to prevent dispersion of gas or cavity water and entrained pyrolysis products into the surrounding strata and groundwater. When production finishes, the gasifier is decommissioned and the site is rehabilitated. Rehabilitation is principally concerned with controlling groundwater impacts.
These processes, applied throughout the lifecycle of the underground gasifiers, ensured that multiple layers of protection were in place to protect the environment and human health from any potential impacts of the project. 
Site selection
An underground gasifier, defined as boreholes for oxidant injection and product gas extraction connected to the gasifier cavity, must be maintained as an intact pressure vessel. Gas at pressure within the gasifier is contained by surrounding impermeable strata throughout the life of a UCG panel.
Upwards buoyancy flow of gas can only be prevented if there is a physical barrier to gas movement such as impermeable strata overlying the target coal seam. Proper site selection will ensure that the UCG gasifier cavity will not connect to naturally occurring permeable zones or through localized deformation zones in faults that could allow fluids from the gasifiers to be transported into surrounding strata. Conventional mine exploration techniques such as borehole drilling, coring with sample laboratory testing, seismic surveys and field tests of individual strata permeability and in situ stress conditions can confirm if the coal seam to be gasified has an effective overlying seal, and will provide information to ensure that UCG panels are laid out at a safe distance from identified geological faults.
Fractures will propagate in the gasifier roof as the gasifier cavity expands with ongoing production. Impermeable roof strata must be thick enough to maintain an effective seal as these fractures form. Geotechnical computer programs combining results of geomechanical testing and multiphase fluid flow models are used to predict deformation and gas flow in underground coal mines. These programs can be applied directly to predict the ground performance around an expanding UCG gasifier in a coal seam.
The location and properties of any aquifers must be confirmed firstly to ensure that any quality groundwater supplies will not be put at risk and secondly to establish that appropriate gas confinement and water inflow conditions for the coal gasifier are present. Overlying aquifers must be sufficiently separated by an impermeable seal to prevent either excessive water inflow to the gasifier or gas escape to the overlying aquifer through any fractures that develop above gasifier. Similarly, underlying aquifers must be sufficiently distant to prevent excessive water inflow to the gasifier from deeper and higher pressure zones.
A UCG gasifier is located within a target coal seam, and although sites can be selected with appropriate overlying and underlying strata, it is usual for the coal seam itself to have significant fracture permeability, which is a potential pathway for the fluid movement into and out of the gasifier. The loss of gas and gasification by-products is controlled by maintaining gasifier pressure lower than the pressure in the surrounding groundwater. This is the essential condition for environmental control during syngas production. Depth and hydrological properties of the coal seam establish the limits for the safe range of operating pressure for the gasifier.
The coal seam should be at least 200 m below ground level to maintain adequate groundwater pressures in the coal seam surrounding the gasification cavity. Two hundred meters depth will generally provide around 1500 kPa of groundwater pressure but allows the gasifier to operate at a lower pressure, which is still high enough to maintain gasification efficiency.
Bloodwood Creek UCG site
This UCG site used a keyseam Õ gasifier design developed initially by the Australian government's Commonwealth Scientific and Industrial Research Organisation (CSIRO), and further improved by Carbon Energy (Operations) Pty Ltd, which operated the Bloodwood Creek Pilot UCG Site. Key features of this design were described by Crouch, 1 and a description of the site operations was provided by Haines and Mallett. 2 The design used 500-m long in-seam parallel boreholes around 30 m apart to define a panel of coal, which was gasified between the parallel boreholes (see Figure 1) .
The geology and hydrology at the Bloodwood Creek UCG pilot was relatively simple. The 13-mthick coal seam at 200-m depth was overlaid by impervious siltstone and clayey sandstone. The regional groundwater pressure in the coal seam was around 1550 kPa and, together with the impermeable rock overburden, provided an excellent seal to prevent gas loss from the gasifier, which, for the Bloodwood Creek Panel 2 trial, was maintained at 1220 kPa.
The UCG panels were surrounded by monitoring wells installed in three concentric arrays in the target coal seam and in the strata above and below the seam. An inner array of wells between 5 m and 70 m from the gasifier was used to determine groundwater pressure, which dictated the operating conditions in the gasifiers. Many of these wells were also used for groundwater quality sampling. The outer ring of monitoring wells was established at the regulatory boundary of the permit area, approximately 500 m from the gasifiers. An intermediate ring of sentinel wells was located around 250 m from the gasifiers to provide warning of any chemical migration.
Monthly groundwater sampling and analysis for potential contaminants was undertaken throughout the trials at Bloodwood Creek and continues through the rehabilitation phase.
Design and installation
The design and installation of underground infrastructure must be physically robust to withstand the pressures and temperatures associated with the UCG process, and thus maintain mechanical integrity and control environmental risks. Those risks are primarily related to failures of the infrastructure that allow dispersion of UCG chemicals into surrounding strata; connection of water-bearing formations; connections providing a pathway for the syngas to pass to the surface or blockages, which result in a build-up of pressure within the gasifier. Many of these risks are mitigated by proper site selection and the appropriate operating regime; however, risks may arise directly from design and installation procedures.
The choice of construction materials, proper installation to anchor the injection and production wells and prevent damage to the casing and joints, and appropriate composition and installation of grout in those wells are critical. All components of the underground and above ground plant must be monitored with adequate safety and emergency systems to deal with any potential process deviations.
Operations
Coal pyrolysis products are generated from coal and accumulate in the cooler sections of the underground gasifier. Groundwater contamination is prevented during and after UCG operations by maintaining continuous groundwater inflow to the gasifier, which is achieved by keeping the gasifier pressure lower that of the surrounding groundwater. During operations, most pyrolysis products are continuously flushed from the margins into the hot zones of the gasifier and are destroyed or flushed out of the gasifier cavity with syngas.
Pyrolysis products in UCG
While the pyrolysis product of the coal seam at Bloodwood Creek can be studied in laboratory experiments, not all chemicals have the same potential to migrate into adjacent groundwater. To identify the typical suite of UCG chemicals which would be represented in groundwater at this site, all analytical data which reflected UCG products reporting in water were averaged and normalized. Table 1 shows the relative proportions of the most significant chemical species with the major component, benzene, set at 100. This gives the ''signature'' of potential UCG impact and is important as it allows the differentiation of UCG products from any other chemicals found in the monitoring network.
When a single compound or unusual combination of organic compounds is found in monitoring wells, it is usually from non-UCG sources such as materials introduced during well construction. Examples of possible source materials commonly used in well construction that can release chemicals include duct tape (toluene), sample tubing (phenols), O-ring seals (benzene, xylenes) and grout (ammonia). Presence of these non-UCG materials do not negate the use of such wells to monitor for the signature of UCG impacts, although the presence of specific chemicals could mask some of the elements in the UCG suite of chemicals. In analysing groundwater monitoring results, it is important to realise that a UCG event will have a characteristic chemical profile and if not present some other source must be investigated.
Chemical movement and transport mechanisms
A chemical source within a groundwater regime may spread mainly by two processes, which can combine in various ways to form different transport modes. The processes are firstly advection (Gorelick et al. 3 ), where chemicals are transported within and as part of a body of moving fluid and secondly diffusion, where chemicals move through a potentially stationary fluid under principles controlled by each chemical's diffusion characteristics. In practice, these processes combine in various ways, and terms such as mechanical dispersion and hydrodynamic dispersion are used to described combinations of transport modes.
The primary process of interest in UCG is advection, with movement of a dissolved solute within flowing groundwater. The amount of chemical being transported is a function of its concentration in the groundwater and the quantity of groundwater flowing. Advection will transport chemicals at different rates in each stratum dependent on hydraulic properties and gradients. With respect to UCG operations, the stimulus for this process is the pressure differential in fluids between different locations across the field (e.g. between the cavity and the surrounding strata). Flow is managed by controlling the pressure differential to create flow in a desired direction. Diffusion is the process by which a chemical in water will move from an area of higher concentration toward an area where it is less concentrated. Diffusion will occur if a concentration gradient exists, even where the host fluid is not moving and the chemical may spread away from the place where it is introduced into a fluid filling a porous medium. The stimulus for the rate of diffusion is unique for every compound and is related to its solubility in water and the concentration at the source. Thus, the rate of diffusion and concentration of chemicals in groundwater with a mixed chemical source is independent of the original proportions of the chemicals at source but related to each chemical's diffusive properties. The chemical source in a UCG gasifier is predominantly the main syngas components, hydrogen, methane, carbon dioxide and carbon monoxide. These components are all present within groundwater systems naturally and are not contaminants of concern. As diffusion processes are concentration driven, it is these gases that form the bulk of material diffused into groundwater.
The diffusion of syngas components from a gasifier cavity into surrounding groundwater has been observed in the Bloodwood Creek trial. At UCG start-up, a gas source at pressure is created within the groundwater, and these gases will diffuse into groundwater in relation to their individual diffusive characteristics. The concentration of gas builds-up in the surrounding groundwater, and the effect can be observed in the sealed groundwater sampling wells. When diffusing gas within the groundwater builds to high levels at the base of the monitoring well, it desorbs into the gas void overlying the water column in the sampling well, until gas pressures equilibrate.
Gas pressure build-up in the top of a monitoring well 100 m from the gasifier in the days after start-up of Panel 2 is shown in Figure 3 . The gasifier pressure increase from 17 March 2011 to 20 March 2011 reflected air being injected to dewater the boreholes, which produced a small increase in wellhead pressure at Well BWCM16M after four days. Ignition occurred on 22 March after which syngas was produced. Wellhead pressure showed a marked increase four to five days later as this new gas composition diffused around the gasifier and affected the wellhead pressures. Mallett 4 described the same phenomena in Panel 1 start-up, noting that the amount of gas pressure build-up decreased with distance from the gasifier, related to the lower concentrations of diffused gases reaching more distant sites.
Diffusion is of less concern with volatile organic compounds derived from pyrolysis of coal, as their concentration is low, solubility in water is relatively low and any diffusion rate is slower than the groundwater inflow rate to the gasifier. This limits the possibility of the chemicals spreading far beyond the gasifier cavity.
For all dispersal mechanisms, the control is to maintain the differential between the gasifier pressure and the surrounding hydrostatic pressure so water always flows towards the gasifier.
When syngas displaces water from fractures in a coal seam around the gasifier, pyrolysis products can move from a source out into surrounding strata in a vapour phase and can then accumulate in a liquid or solid phase. If water refills these fractures, these chemicals can return to an aqueous phase and will be found in water samples. This can be significant because groundwater pressure drops to its lowest levels immediately adjacent to a gasifier cavity. Control is achieved by monitoring gas and groundwater pressures around a gasifier, and keeping the gas pressure at a level that does not displace the groundwater from pores and fractures in surrounding strata. This requires continuous monitoring of changes in groundwater pressure, and the maintenance of an optimal balance between the gasifier pressure and groundwater inflow and pressure.
Bloodwood Creek operational experience
There were no deviation events resulting in dispersion of pyrolysis products during the Panel 2 trial, which operated between March 2011 and October 2012, as the gasifier pressure was kept at 1220 kPa throughout the production phase, maintaining the critical balance between gasifier pressure and groundwater pressure.
Pyrolysis products were detected in monitoring wells up to 70 m from the gasifier cavity in Panel 1 in March 2010. This deviation occurred during continuous groundwater flow into the gasifier. At the time, groundwater pressures were recovering after an earlier period of low gasifier pressure, which had increased groundwater inflow rates and caused groundwater pressure in the immediate vicinity of the cavity to fall.
With thick coal seams, there is a significant difference between groundwater pressure at the base and top of the seam. Each 10 m represents a 100 kPa change in groundwater pressure. Groundwater pressure can be greater than gasifier pressure in the base of the seam, allowing groundwater inflow to the gasifier, and at the same time, groundwater pressure can be below gasifier pressure at the top of the seam, allowing gas to displace water from the top plies of the seam.
Chemicals from pyrolysis can thus be transported and accumulate in fractures in the upper plies of the coal seam around the gasifier. The coal would also be heated by the hot gases. This potential for gas and pyrolysis product loss where the groundwater pressure locally falls below the uniform gas pressure in the gasifier occurred at the Rocky Mountain UCG trial in Wyoming (Lindblom and Smith 5 ). The coal seam was not horizontal, and on the up-dip side of the gasifier, the groundwater pressure at the top of the seam fell below that of the gas pressure, and a plume of chemicals was detected up-dip from the gasifier cavity.
During the March 2010 event at Bloodwood Creek site, it appears that gas and pyrolysis products had penetrated the upper part of the coal seam in a small halo around the gasifier, as no impact was observed in monitoring wells 10 m from the gasifier.
Groundwater pressure was rising in the changed pressure regime, until it equalled that of the gasifier pressure. It is hypothesised that groundwater was then forced into fractures in the top of the hot coal seam, dissolving pyrolysis products that had adsorbed there, generating a steam flash that facilitated their dispersion to neighbouring monitoring wells.
When the chemicals were observed in the groundwater monitoring program, the gasifier pressure was lowered to increase the groundwater inflow rate, and over the next three months, the pyrolysis products were flushed back into the gasifier, and groundwater quality was restored to original groundwater conditions (refer to Figure 4) . This event reinforced the need for continuous control of the differential pressures between groundwater and the gasifier over the full height of the coal seam. This was achieved throughout the 2008-2014 trial apart from one event in March 2010. Significantly, it was demonstrated remedial actions can effectively return groundwater to its original state if such unexpected deviation events occur.
Decommissioning
Air injection was stopped on 23 October 2012 in Panel 2 and the high-temperature gasification reactions ceased within 48 h. This was shown by changes in the vented gas composition, with a sharp decline in concentrations of carbon dioxide, carbon monoxide and hydrogen in the syngas.
For the first day after decommissioning, methane concentration in vented gas fell as gasification slowed. After 24 h, methane concentration began to increase quickly, coincident with the gasifier pressure passing through the pressure threshold of 800-700 kPa at which coal bed methane begins to desorb from the coal seam.
Within four days, methane comprised 50% of vented gas, and within 12 days represented 80% of vented gas. Figure 3 shows the rise in the methane levels in the gas and the corresponding decline in hydrogen, carbon dioxide and carbon monoxide in the first six days after stopping air injection. The relative percentages of gases prior to decommissioning are shown on the left of the figure, with, in order of increasing concentration, carbon monoxide, methane, hydrogen and carbon dioxide. The spike in carbon dioxide levels and other gases on 25 October (two days after cessation of air injection) is related to changing the venting point from the production well to the ignition well, which drew gases from a different part of the cavity. After 187 days, vented gas volumes were extremely low and the methane composition in the gas was approximately 98%. The cavity was then shut in, with periodic venting undertaken to stop coal seam gas methane pressure building that would prevent groundwater flowing in to fill the cavity.
Although the main gasification reactions stopped quickly, pyrolysis of coal and water-gas reactions, which can operate below gasification temperatures, will have continued until temperatures everywhere had dropped below 300-350 C. Progressively lowering the pressure in the Panel 2 cavity promoted the ingress of groundwater to the hot gasifier cavity. This groundwater was converted to steam, which was vented to the surface. This process assisted in cleaning of the cavity. Pyrolysis products were flushed to the surface and disposed of with process water or combusted in the flare.
Additional steam was not injected to assist the cleaning process, as used in the Rocky Mountain 1 UCG trial in Wyoming. Boysen et al. 6 showed that the 83% of the steam carrying by-products out of the cavities was created from groundwater inflow rather than injected steam. In addition, the Panel 2 trial operated for a significantly longer period than the Rocky Mountain 1 trial, resulting in a much hotter cavity allowing for the generation of large quantities of steam. All groundwater flowing into the gasifier cavity for a period of nine months was converted into steam, after which water began to accumulate in the cavity at approximately 12,000 L/day.
It has been shown that significant levels of char remain within UCG cavities (Cena et al. 7 ) and these activated carbon products can also play a role in trapping contaminants. The contaminant load within the Panel 2 cavity has been quantified by direct access to the cavity, with sampling and analysis of cavity water and core. Table 2 shows calculated volumes of chemicals in the gas vented from Panel 2 in nine months following decommissioning of that Panel. This table shows that, through steam cleaning during decommissioning, approximately 3060 kg or around 92% of chemicals were removed from the cavity, as vapour entrained in the gas. These chemicals were combusted in the flare system or captured in condensed water from the vented gas. These were primarily BTEX chemicals which consequently formed only a small component of the chemical load remaining in the gasifier cavity.
There is very limited impact of the Panel 2 UCG operations beyond the actual gasifier cavity. Following decommissioning, UCG chemicals were identified in one water monitoring well located between the two gasifiers, but as it is only 10 m from Panel 1 that is the likely source. Elsewhere there was no evidence of migration of the suite of UCG chemicals in any of the Panel 2 monitoring wells and any distribution that might have occurred must be restricted to within a few tens of metres from the cavity. 
Rehabilitation phase
A site investigation was undertaken in 2014(WMV 8 ) to provide information for preparation of the rehabilitation plan for the Bloodwood Creek site. Based on exposure levels and a comprehensive risk assessment, the site investigation team concluded that:
. there are no unacceptable risks to existing beneficial uses of groundwater contained within sedimentary units underlying, overlying or located within coal seams outside of the gasifiers; . potential risks (in relation to benzene) could occur in a future (although highly unlikely) hypothetical exposure scenario if groundwater was extracted from within the gasifier cavities and used for recreational purposes (e.g. put into a farm dam where children swim); . the exceedances of risk-based criteria are confined to the immediate surroundings of the gasifiers are unlikely to be realised soon and concentrations will continue to decline over time.
As part of the site investigation, BIOSCREEN-AT modelling software was used to estimate the concentrations of identified contaminants of potential concern in groundwater hydraulically down-gradient of the UCG gasifiers at Bloodwood Creek pilot site (Environmental Health & Safety ). BTEX (benzene, toluene, ethylbenzene and xylenes), polyaromatic hydrocarbons and phenol were identified as the primary contaminants of potential concern. To represent these three organic groups, benzene, naphthalene and phenol were selected as the most mobile constituents to investigate further using fate and transport modelling. The model domain consists of a source area, pathway and receptors. The source is the water within the cavity. A conservative assumption used in the fate and transport modelling was that the source is infinite and continues to add contaminants of potential concern to groundwater throughout the life of the model. An exponentially declining source (which is most representative of source zone behaviour over time) would result in rapid deletion of the source zone when combined with the strong lateral attenuation characteristics of the target coal seams.
The pathway is primarily horizontal groundwater flow within the target Macalister coal seam units. Potential receptors were identified as both ecological (livestock and native fauna drinking from water pumped to water troughs and dams) and human (swimming/bathing in dams and troughs in the unlikely scenario that water pumped from the cavity is used for this purpose). The natural quality of water extracted from the target coal seam is brackish and unsuitable for drinking water.
Based on conservative fate and transport modelling, concentrations of contaminants of potential concern will rapidly decline. Using the most conservative parameters (including a constant source from the Panel 2 cavity as measured from samples collected from that cavity in mid-2014) within the target coal seam, it is estimated that benzene would attain a safe concentration of 1 mg/L within 27 m of the cavity; phenol would attains a safe concentration of 85 mg/L within 4.5 m of the cavity; and naphthalene would attain a safe concentration of 2 mg/L within 0.45 m of the cavity.
Using declining source modelling using gasifier cavity groundwater chemical concentrations, the results of the modelling in the Macalister coal seam:
. for benzene and phenol, source zone concentrations fall below the analytical levels of reporting within 38 years for benzene and the most stringent environmental criteria for phenol within 10 years; . sensitivity modelling using constant source concentrations an order of magnitude higher than those observed, estimates that benzene will be near analytical levels of reporting (<1 mg/L) at a distance greater than 60 m (benzene) from the source zone; . sensitivity modelling using declining source concentrations an order of magnitude higher than those observed, estimates the source zone concentrations fall below the analytical levels of reporting for benzene within 48 years and the most stringent environmental criteria for phenol in 13 years.
As groundwater in situ does not pose any significant health or environmental risk, and no use of the groundwater is envisaged over the period of declining concentrations, the proposed remedial approach utilises monitored natural attenuation as the primary mode of treatment. Environmental risk associated with a pump and treat operation (plant failure) is greater that leaving the groundwater in situ. The rehabilitation strategy incorporates enhanced bioremediation and pump and treat as remedial actions only required in the unlikely event that monitored natural attenuation is inhibited.
Summary
The Bloodwood Creek UCG pilot demonstrated that:
. Careful site selection can avoid geological features that compromise gasifier integrity. . Maintaining a relative balance between gasifier pressure and groundwater pressure prevents pyrolysis products escaping from the gasifier cavity, and in the event of an unexpected deviation, remedial action is effective. . Venting steam during decommissioning removes most chemicals from the cavity. . Monitored natural attenuation will effectively rehabilitate a UCG site.
